The protozoan parasite Giardia lamblia has the unusual morphology of bearing two equal-sized nuclei. This organism probably represents the earliest diverging lineage of eukaryotes, suggesting that its biological tactics may be transitional. To begin to understand the role played by the two equal-sized nuclei in this organism, and perhaps the role this organism has played along the path to higher eukaryotes, we have analyzed the structure and function of these two nuclei. We show that the two nuclei are equivalent with respect to the amount of DNA harbored in each nucleus, the presence of ribosomal DNA sequences, and the transcriptional activity. We begin also to address the question of how these bilaterally symmetrical ancestors divide, by illustrating the mitotic plane of division.
Introduction
The protozoan parasite Giardia lamblia has the unusual morphology of bearing two equal-sized nuclei. Molecular evolutionary analysis positions it as potentially the earliest diverging lineage in the eukaryotic line of descent (Sogin et al. 1989) . A better understanding of the biological tactics that G. lamblia evolved may help elucidate the pivotal transition between haploid prokaryotes and diploid eukaryotes. To define the role played by the two equal-sized nuclei in Giardia, and perhaps the role Giardia has played along the path to higher eukaryotes, we have begun to study the structure and function of these two nuclei. As an initial approach, we have studied the nuclei in situ. This affords us a means of analyzing them individually without separating them physically.
G. lamblia is a flagellated, protozoan, enteric parasite that causes major health problems worldwide. This anaerobic parasite has a simple life cycle with two developmental forms, vegetative trophozoites and infective cysts, that can be carried out in vitro (Bingham and Meyer, 1979; Feely, 1986; Gillin et al. 1987) . Trophozoites are tear-shaped, 10-12/xm long, 5-7 (im wide, and 1-2/im thick; they attach to the upper intestinal epithelium by means of a ventral disc (Roberts-Thomson, 1984) . The nuclei are each 1 fim in diameter. The trophozoites divide by binary fission.
Ribosomal DNA sequences have been used to establish evolutionary divergence of organisms (Sogin et al. 1986; Woese, 1987) , since they are the most highly conserved genes known within extant organisms (Sogin and Gunderson, 1987) . Comparative analysis of the gene sequence encoding the small subunit ribosomal RNA (the 16 S-like Journal of Cell Science 95, 353-360 (1990) Printed in Great Britain © The Company of Biologists Limited 1990 rRNA) of Giardia lamblia with ribosomal sequences from taxonomically diverse organisms indicates that Giardia is the deepest branching lineage among all eukaryotic lines (Sogin et al. 1989) .
There are other protozoa with two or more nuclei. In two such well-studied ciliates, Tetrahymena and Paramecium, the larger macronucleus expresses the phenotype of the organism (Sonneborn, 1974a,b) . Tetrahymena has one diploid micronucleus, and Paramecium has two equal, diploid micronuclei, which carry the germline (Sonneborn, 1974a,b) . Unlike either Tetrahymena or Paramecium, Giardia contain only two, equal-sized nuclei. These nuclei have not been studied with regard to DNA content or transcriptional activity; however, there are indications (discussed below) that the two nuclei are likely to be haploid. It is important to determine whether the two nuclei of G. lamblia are structurally and functionally identical in order to define the number of genetic linkage groups and ploidy and to understand the evolutionary, physiological and genetic significance of these two physically separate, but equal-sized, nuclei.
We show that the two nuclei are equivalent with respect to the amount of DNA harbored in each, that they both contain ribosomal DNA sequences, and that their overall transcriptional activity is equivalent. We illustrate the mitotic plane of division in order to begin to address the question of how these bilaterally symmetrical cells divide.
Materials and methods

Cell culture
Giardia lamblia (Portland-1 strain, American Type Culture Collection) were grown anaerobically at 3S-36 C C in tissue culture flasks filled with Diamond's TP-S-1 medium (Diamond, 1968) supplemented with bile (Keister, 1983) .
Cell preparation for in situ analysis
For all experiments except metabolic labelling, Giardia were cultured overnight onto nitric acid-washed, gelatin-coated microscope slides in sterile SO ml centrifuge tubes. The slides were dipped in consecutive washes of phosphate-buffered saline (PBS: 10 mM sodium phosphate, pH 7.2, 150 mM sodium chloride) and then fixed for l h in 4% paraformaldehyde in PBS containing 5 mM MgCl2. Slides then were rinsed in PBS twice and in 50% ethanol twice; they were stored at 4°C for up to 4 months in 70% ethanol.
Nuclear staining with DAPI
Cells grown onto slides were rehydrated in PBS and then stained with ljugml" 1 DAPI (4'-6-diamidino-2-phenylindole, Molecular Probes, Inc.), rinsed in PBS, and viewed under a fluorescence microscope (Leitz Orthoplan) equipped with a filter for DAPI analysis (exciter, reflector, 455 nm; Barrier, 460nm) . Cells were photographed with a 35 mm camera using Triex film (Kodak), ASA 1600, exposed for 15 s. Film was developed with Diafine developer.
Photometry
A Leitz Orthoplan fluorescence microscope was equipped with a Leitz MPV Compact Photometer. Measurements were made with a 63X objective.
In situ hybridization to DNA sequences Cells stored in ethanol on slides were rehydrated in PBS with 5 mM MgCl2 for 5 min at room temperature and then incubated at 37°C for 15 min with lOjUgml"' proteinase K in PBS. The protease-reaction was stopped with two 5-min treatments of 0.2 M Tris-HCl, pH7.4, 0.1M glycine. The cells then were post-fixed onto the slides for 5 min in 4 % paraformaldehyde with 5 mM MgCl2, washed with PBS containing 2mgmlg lycine, and dehydrated through consecutive washes of 40%, 70 %, 95 %, and 100 % ethanol for 4 min each. After 3 h at 60°C, the slides were treated with 0.25 % triethanolamine, 0.1 M acetic anhydride for 10 min at room temperature and then at 70°C in 70% formamide, 2xSSC (0.3 M NaCl, 30 mM sodium citrate, pH 7.0) for 10 min. Slides then were dehydrated immediately in consecutive washes of 70%, 95 %, and 100% ethanol (0°C) for 3 min each.
Ribosomal DNA of G. lamblia cloned into the Kpnl site of pUC19 (plasmid pGK7, provided by R. A. Alonso) was nicktranslated with biotinylated dUTP and sized to be between 200 and 500 bases, as described by Lawrence et al. (1988) . pUC19 (Yanicsh-Perron et al. 1985) was treated similarly for use as a negative control. Biotinylated probe (60 ng) together with salmon sperm DNA (5 fig) and yeast tRNA (20 ^g) was denatured'in formamide at 85°C for 10min and then mixed 1: 1 with 4XSSC (0.6M NaCl, 60mM sodium citrate, pH7.0), 20% dextran sulfate. A 12 fi\ sample of this hybridization solution was placed beneath an 18 mmX 18 mm coverslip and sealed with rubber cement over the fixed organisms. The slides were placed at 90°C for 10 min and incubated overnight in a humidified chamber at 37 C C. Coverslips were removed by peeling the rubber cement off of the slides. Slides were washed for 30 min each in 50% formamide, 2xSSC at 37°C, 2xSSC at room temperature, and l x S S C (0.15 M NaCl, 15 mM sodium citrate, pH 7.0) at room temperature. Slides were treated with RNase H (8 units ml" 1 ) in buffer (100 mM KC1, 20 mM Tris-HCl, pH7.5, 1.5mM MgCl 2 , 50/UgmF 1 BSA (bovine serum albumin), 1 mM dithiothreiotol, 0.7 mM EDTA) under coverslips for 1 h at 37°C in humidified chambers. They were rinsed in PBS for 5 min, dipped briefly in 4XSSC, 0 . 1 % Triton X-100, and then incubated for 30 min in 4XSSC containing 1 % BSA and 4 fig ml" avidin-fluorescein to visualize the signal. Slides were washed for 10 min each at room temperature in 4XSSC, and then 4XSSC, 0 . 1 % Triton X-100, and then 4xSSC. After rinsing in PBS, slides were air-dried and coverslips were mounted with PBS containing 50% glycerol and 1% M-propylgallate as anti-bleaching agent. /;; situ hybridization of DNA probes to cellular RNA was the same as for hybridization to DNA sequences except that hybridization was for 4h and no RNase treatment was performed (Angerer et al. 1985) . Slides were viewed under a fluorescence microscope (Leitz Orthoplan) equipped with a filter for fluorescein analysis (exciter, 450-490 nm; reflector, 510 nm; barrier, 515 nm). Cells were photographed with a 35 mm camera using Tmax 400 film (Kodak), ASA 1600, exposed for 30s. Film was developed using Tmax developer and push processed as described by the manufacturer.
Metabolic labeling
Cells were grown to 2xlO 6 cells ml" 1 , chilled on ice for at least 15 min to detach the organisms from the plastic culture vessel, and concentrated by centrifugation at 800^ for 15 min. Cell pellets were resuspended gently in PNG-C (30 mM sodium phosphate, pH7.2, 22mM sodium chloride, 20mM glucose, 2mM cysteine) and recentrifuged. Approximately 1.5X10 
Results and discussion
We performed in situ analyses of the two nuclei of G. lamblia. In most experiments cells were fixed onto glass microscope slides after they had attached to the slides with their ventral discs. This provided a constant, known orientation of the nuclei in all cells in these experiments. A phase-contrast view of such a field of cells is seen in Fig. 1A . Schematized drawings of a cell are provided in The two nuclei contain equal amounts of.DNA To determine whether the two nuclei of G. lamblia contain equivalent amounts of DNA, Giardia were grown onto slides and stained with DAPI (4'-6-diamidino-2-phenylindole) (Figs 2, 3) , an agent that binds specifically and strongly to DNA independent of its sequence (Coleman et al. 1981) . When DAPI becomes intercalated with DNA, a bright green fluorescence is emitted. The fluorescence emitted from each Giardia nucleus within the DAPI-stained organisms (Fig. 2) was quantitated photometrically by readings made through a microscopic aperture. These readings revealed that the two nuclei contain equivalent amounts of DNA (Table 1 , first line).
Data from DAPI-stained cells suggest that the two nuclei within a given cell are synchronized for mitosis
Approximately one in 100 cells among the DAPI-stained cells had four condensed structures in both nuclei (Fig. 2, arrow) . These structures appeared in both nuclei in a given cell, or in neither, but never in one nucleus and not in the other. They have been observed either prior to karyokinesis (2 nuclei) (Fig. 2, arrow) or after karyokinesis (4 nuclei) when they have begun to decondense (data not shown). Presumably the percentage of cells with this phenotype could be increased if the cell cultures were synchronized.
The concept of nuclear mitotic synchrony is strengthened by the finding that some of the DAPI-stained cells have four nuclei (Fig. 3, arrows) . Such a nuclear configuration suggests that the trophozoite has completed karyokinesis but has not yet begun to undergo cytokinesis. Thus, cytokinesis in G. lamblia differs from the process in higher eukaryotes where cytokinesis begins as the chromosomes are pulled to opposite poles of the cell in late mitotic anaphase and is completed as the two nuclear membranes have just been formed (Alberts et al. 1989, pp. 762, 767) . In this study, no cells with four nuclei were observed to be undergoing cytokinesis. In addition, no cells ever were observed with three nuclei.
Synchrony of the nuclei within a cell for karyokinesis § Average number of grains over SO nuclei; grains were counted over cells in which all the grains over both nuclei were clearly distinguishable from one another and in which those over the right nucleus were clearly distinguishable from those over the left. and cell division is not always associated with synchronous replication of the DNA within those nuclei. In Tetrahymena pyriformis, for example, the macronucleus and micronucleus have S phases at different times in the cell cycle, despite the fact that the two nuclei divide synchronously (Prescott and Stone, 1967; Woodard etal. 1972) . The two nuclei of G. lamblia, however, have been shown to replicate their DNA simultaneously (Wiese-
hahnetal. 1984).
To begin to understand the three-dimensional form these cells take during karyokinesis and cytokinesis, the mitotic plane of karyokinesis was observed. The photographs in Fig. 3 were taken in three different focal planes (A-C, with corresponding schematic drawings in E-G). Since both nuclei in a given G. lamblia cell are in the same focal plane (Figs 2 and 3) , nuclei that appear in a new focal plane (see bright nuclei in Fig. 3C and G) most likely represent newly formed nuclei. This configuration suggests that the mitotic plane divides the cell obliquely, between the anterior/posterior and ventral/dorsal halves (refer to Fig. 3H) . A simple explanation of this pattern is that the newly formed nuclei are maintained on the same side of the bilaterally symmetrical longitudinal axis as its mother nucleus.
Both nuclei have rDNA
In situ hybridization to nuclear DNA was performed on cells grown on slides. The entire G. lamblia rDNA complex, cloned from genomic DNA, was used as probe for this analysis. Hybridization to the ribosomal DNA was visualized in both nuclei (Fig. 4A) , while no visible signal was observed with cells hybridized to negative control pUC19 DNA (Fig. 4B) . In some nuclei there was more than one locus of hybridization (data not shown). This could reflect the distribution of ribosomal sequences on several chromosomes in G. lamblia (R.A. Alonso, personal communication); it also could arise from the presence of multiple nucleoli in a nucleus. Since all three genes composing the entire rDNA complex of G. lamblia (Boothroyd et al. 1987) were used as a hybridization probe, it is possible that the nuclear signals do not represent equivalent sequences, i.e. one nucleus could possess only a subset of the rDNA genes. This is unlikely, however, since all known ribosomal genes have been found in a complex of genes containing all three rDNA genes (Mandal, 1984) .
The rDNA hybridization pattern predicts that each C. lamblia nucleus contains the same DNA sequences. Additional in situ hybridizations with a variety of cloned G. lamblia DNAs are required to provide further evidence for this concept. Using the cloned alpha-giardin gene we were unable to detect a fluorescent signal from either nucleus (data not shown). This suggests that certain DNA sequences may not be detectable by fluorescent in situ hybridization analysis within G. lamblia, presumably due to their low abundance within the genome. (The copy number of alphagiardin is unknown but is significantly lower (R.A. Alonso, personal communication) than the multi-copy rDNA genes in G. lamblia (Boothroyd et al. 1987) .) Should the two nuclei prove separable by physical Fig. 4 . In situ hybridization demonstrates that both G. lamblia nuclei contain ribosomal DNA (rDNA) sequences. A. rDNA cloned into pUC19 as probe. B. pUC19 as probe. X1140.
methods, hybridization studies could be performed by Southern (1975) analysis.
The cell is symmetrical with respect to rRNA sequences In situ hybridization to cellular RNA using rDNA as probe was performed on cells grown on slides. The signal encircled both nuclei (Fig. 5) . One explanation for these data is that both nuclei are transcribing ribosomal sequences at approximately equivalent rates and this RNA (as ribosomal subunits) is being exported from its synthetic source. Alternatively, since this is a determination of steady-state levels of RNA, it is possible that rRNA (and hence, ribosomal subunits or ribosomes) are aggregated close to the nuclei.
Both nuclei transcribe RNA at equivalent rates Cells were labeled in vivo with an RNA precursor, [
3 H]uridine, spread onto slides and autoradiographed. Fig. 6A demonstrates that label was distributed uniformly over both nuclei. The autoradiographic grains were not visible when the slides were treated with RNase prior to application of the emulsion (Fig. 6B) , demonstrating that autoradiographic grains (Fig. 6A) represent labelled RNA. Autoradiographic exposures of slides with cells labelled in vivo for different lengths of time revealed that there was an equivalent number of grains over both nuclei within a cell for times up to one hour of metabolic labelling. A quantitative determination of the transcriptional equivalence was made by counting the grains over each nucleus in 50 cells on slides whose autoradiographic emulsion was underexposed. The number of grains from nucleus to nucleus within a cell was statistically identical (Table 1 , second line).
The extent of transcriptional activity is not uniform for all cells in a given field (Fig. 6A) . Apparently, some cells are at a stage in the cell cycle that is transcriptionally less active than most of the other cells or, perhaps, a few cells are slightly sick. Also, the Giemsa stain in the RNasetreated slide is reduced, possibly because RNase treatment may have removed a substrate for stain.
Nuclear identity and possible evolutionary implications
It is important to understand the structural and functional identity of the two nuclei of G. lamblia to rationalize why selective pressure has caused these organisms to maintain two physically separate nuclei. Most eukaryotes have a single diploid nucleus. We have shown by several criteria that G. lamblia nuclei are identical.
The nuclei of Giardia appear to be quite different from the unequal nuclei of several ciliates. First, it has been shown in all well-studied ciliates that some sequences are lost from the micronucleus during its development into the macronucleus (Preer, 1989) , indicating that the nuclei differ in DNA sequence complexity. Since physical separation of unequal nuclei is possible in ciliates, it has been shown by reassociation kinetics, for example, that the macronuclei of Stylonychia (Ammermann et al. 1974) and Tetrahymena (Yao and Gorovsky, 1974) are significantly less complex than their corresponding micronuclei. Although such analysis in Giardia is likely to be impossible, since the two nuclei are equal in size, we have found that the DNA in the nuclei is alike with regard to content and rDNA sequences. Second, the micronuclei of ciliated protozoa are transcriptionally inactive during vegetative growth (Prescott and Stone, 1967; Ammermann et al. 1974) . We have shown that both nuclei of G. lamblia are transcriptionally active during the vegetative portion of the life cycle and that this activity is equal in each. Third, the data of Weisehahn et al. (1984) showed that the nuclei within a given cell of Giardia are synchronized with respect to DNA replication. This is in stark contrast to Tetrahymena pyriformis whose macro-and micro-nuclei have DNA S phases at different points in the cell cycle (Prescott and Stone, 1967; Woodard et al. 1972) . Each of these characteristics is consistent with the apparent evolutionary distance between these organisms. Woese (1987) indicated that ciliates branched on the phylogenetic tree just prior to fungi and much later than microsporidia {Vairimorpha necatrix). Since Giardia represent a deeper branching lineage than even V. necatrix (Sogin et al. 1989) , the large phylogenetic distance between ciliates and G. lamblia is clear.
Various data indicate that each nucleus of Giardia is haploid, but the small size of these chromosomes makes confirmation by typical cytogenetic analysis difficult. Our data suggest that there are four condensed chromosomes per nucleus. This is consistent with the camera lucida drawings of Kofoid and Sweezy (1922) and Filice (1953) , who depicted four structures in each nucleus. Complementary data of Adam et al. (1988) showed that the Portland-1 strain of Giardia lamblia has four separable chromosomes as determined by pulsed-field gradient gel electrophoresis. The data of this study suggest that the nuclei are structurally identical and predict that each nucleus contains one of each of the four differently sized molecules; hence, by this reasoning, the nuclei of Giardia are haploid. This conclusion is corroborated by the fact that there is 0.15 pg DNA or 1.4X 10 8 base pairs (bp) per organism (R.A. Alonso and D.A. Peattie, unpublished data) and that the haploid genome complexity is 8 x l 0 7 b p , based upon reannealing C o t analysis (Boothroyd et al. 1987) . These numbers together indicate that there are 1.8 haploid genomes per G. lamblia.
The putative haploidy of G. lamblia nuclei is intriguing with respect to the organism's pivotal position as the earliest diverging lineage among eukaryotes. One fascinating possibility is that a single haploid nucleus eventually gave rise to a second, thus making the entire organism diploid. Two haploid nuclei could have fused to produce the single, diploid nucleus characteristic of higher eukaryotes. This scenario both explains the transition of haploid prokaryotes to the greater advantaged diploid eukaryotes (Alberts et al. 1989, pp. 842-843) and predicts that mononucleated eukaryotes are evolutionary descendants of bi-or multi-nucleated eukaryotes. From here the following question arises: can G. lamblia survive with only one of its apparently identical and haploid nuclei? A possible approach in future studies would be to ablate individually each of the two nuclei (Samoiloff, 1973; Sulston and White, 1980; Horvitz, 1981, 1986 ) to determine whether a single nucleus is capable of supporting the life of the entire organism.
